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ABSTRACT
We investigate the dynamical status of the low-mass globular cluster Palomar 13 by
means of N -body computations to test whether its unusually high mass-to-light ratio
of about 40 and its peculiarly shallow surface density profile can be caused by tidal
shocking. Alternatively, we test – by varying the assumed proper motion – if the
orbital phase of Palomar 13 within its orbit about the Milky Way can influence its
appearance and thus may be the origin of these peculiarities, as has been suggested
by Ku¨pper et al. (2010b). We find that, of these two scenarios, only the latter can
explain the observed mass-to-light ratio and surface density profile. We note, however,
that the particular orbit that best reproduces those observed parameters has a proper
motion inconsistent with the available literature value. We discuss this discrepancy and
suggest that it may be caused by an underestimation of the observational uncertainties
in the proper motion determination. We demonstrate that Palomar 13 is most likely
near apogalacticon, which makes the cluster appear supervirial and blown-up due to
orbital compression of its tidal debris. Since the satellites of the Milky Way are on
average closer to apo- than perigalacticon, their internal dynamics may be influenced
by the same effect, and we advocate that this needs to be taken into account when
interpreting their kinematical data. Moreover, we briefly discuss the influence of a
possible binary population on such measurements.
Key words: galaxies: kinematics and dynamics – galaxies: star clusters – globular
clusters: individual: Palomar 13 – methods: N -body simulations
1 INTRODUCTION
There are many objects on the sky, especially in the halo of
the Milky Way (MW), whose nature is not clear to us. Some
of those objects are hard to address observationally, and for
others there is just no conclusive theoretical explanation.
In fact, simply by looking at a colour-selected sample
of stars within a region of the sky it is sometimes not easy
to determine the true extent of a stellar system, mostly
since it lacks a clear cut-off in its surface density profile.
The same holds true for the determination of its velocity
dispersion through a sub-sample of stars with readily mea-
sured radial velocities. These uncertainties typically result
in discussions and speculations about a best-fitting density
profile as well as a system’s true tidal radius (e.g. King 1966;
Elson, Fall & Freeman 1987; McLaughlin & van der Marel
2005), and also about the true mass-to-light ratios of such
systems (e.g. Kroupa 1997; Mieske et al. 2008).
⋆ E-mail: akuepper@astro.uni-bonn.de (AHWK);
smieske@eso.org (SM); pavel@astro.uni-bonn.de (PK)
Some of these uncertainties arise from peculiar sur-
face density profiles. That is, even though many objects
in the Milky Way halo are well limited and show a well
defined surface density profile with a slope of about R−4
in the region of the tidal radius, some objects obey shal-
low surface density profiles in the outskirts, having slopes
of about -1 to -2, like for example the MW globular clus-
ters Palomar 5 (Odenkirchen et al. 2003), NGC 5466, M
15, M 53, M 30, and NGC 5053 (Chun et al. 2010), AM
4 (Carraro, Zinn & Moni Bidin 2007), Whiting 1 (Carraro
2009), and NGC 1851 (Olszewski et al. 2009). The latter
furthermore seems to be surrounded by a 500 pc halo of
stars whose origin is unknown up to now.
Other uncertainties arise from unusual mass-to-light
(M/L) ratios of some stellar systems. While most globu-
lar clusters show mass-to-light ratios of 1-2, Ultra-Compact
Dwarf galaxies (UCDs) have higher M/L by a factor of
about two, whereas dwarf spheroidal galaxies even show
values of up to 103 (Dabringhausen, Hilker & Kroupa 2008;
Geha et al. 2009). These differences are usually ascribed to
different dark matter contents, catastrophic tidal heating
c© 2010 RAS
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Figure 1. Surface density profile of Pal 13 as obtained with
CFHT by Coˆte´ et al. (2002). Fitted to the profile are a King tem-
plate (King 1962) and a KKBH template (Ku¨pper et al. 2010b).
Given in the figure are the template values for the fitted tidal ra-
dius for both templates, RKingt and R
KKBH
t respectively, and for
the extra-tidal slope, η (eta). The shallow slope at large radii of
η = 1.9 influences the fit of the King template such that it yields
a significantly larger value for the tidal radius as does the KKBH
template. 1 arcmin corresponds to about 7 pc at the assumed
distance of Pal 13.
by gravitational shocks, a variation of the IMF, tidally re-
shaped stellar phase-space distribution functions, contam-
inations from stellar streams in the MW halo, or alterna-
tive gravitational theories (e.g. Kroupa 1997, Gilmore et al.
2007, Simon & Geha 2007, Mieske et al. 2008, Angus 2008,
Niederste-Ostholt et al. 2009).
The low-mass Galactic globular cluster Palomar 13 is a
stellar system which shows both, an unclear extent due to a
shallow surface density profile, and a high velocity dispersion
resulting in a mass-to-light ratio of about 40 (Siegel et al.
2001; Coˆte´ et al. 2002). Further details on this cluster are
presented in Sec. 2. In this investigation we demonstrate by
means of N-body calculations how these observational re-
sults can be explained without the need for dark matter,
tidal heating, binaries or changes in the law of gravity. To
this end we compute models of Palomar 13 on various or-
bits about the Galaxy that are consistent with its present-
day distance and radial velocity with respect to the Sun.
We show how different such a stellar system can appear in
different phases of its orbit. Details on the models are de-
scribed in Sec. 3. The results of these computations and the
mock observations in which we show how this cluster may
appear when observed with an 8m-class telescope, are shown
in Sec. 4. Sec. 5 is a short discussion on the plausibility of
our findings. Finally, in Sec. 6 we give a short summary and
conclusions.
2 PALOMAR 13
Palomar 13 is an old and metal poor Galactic globular
cluster. From isochrone fits to its colour-magnitude dia-
gram, Coˆte´ et al. (2002) find Pal 13 to be about 13-14
Gyr old, and from spectroscopy they derive a metallicity
of [Fe/H] = −1.9 ± 0.2. Moreover, it is among the faintest
objects listed in the Harris catalogue of Milky Way globu-
lar clusters (Harris 1996). With an estimated mass of about
3000 M⊙ (assuming a mass-to-light ratio of unity) it is one of
the least massive globular clusters of the Galaxy (Coˆte´ et al.
2002). Furthermore, Siegel et al. (2001) argue with proper
motion measurements that Pal 13 is on an inclined, highly
eccentric orbit about the Milky Way. Thus, it most proba-
bly was subject to strong tidal disruption during the last few
Gyr. Indeed, observations show further peculiarities about
this specific cluster. First, the cluster shows an unusually
high velocity dispersion and therefore a very high mass-to-
light ratio, and second, its surface density profile differs from
the ones of most other Milky Way globular clusters:
(i) Corresponding to data by Coˆte´ et al. (2002), which
we mainly use to compare with our computations, the
cluster is located at Galactic longitude of ℓ = 87.◦1 and
Galactic latitude of b = −42.◦7. Its distance from the
Sun is RSun = 24.3
+1.2
−1.1 kpc, placing it at a distance of
RGC = 25.3
+1.2
−1.1 kpc from the Galactic centre. Pal 13’s
radial velocity was determined by Coˆte´ et al. to be
Vr = (24.1± 0.5) km/s using spectroscopic data of the High
Resolution Echelle Spectrometer at the Keck telescope.
In the same investigation, its internal radial velocity
dispersion was found to be σr = (2.2 ± 0.4) km/s from
a sample of 21 stars located within the cluster’s inner
2 arcmin. Within their best estimate of Pal 13’s tidal
radius of 26 arcmin, Coˆte´ et al. furthermore measured
an absolute magnitude of MV = −3.8 mag. Assuming
Pal 13 being in virial equilibrium, this would imply a
mass-to-light ratio of M/L = 40+24
−17. Coˆte´ et al. suggest
that this unusually high velocity dispersion could be the
consequence of either a catastrophic heating during a recent
perigalacticon passage or the presence of a dark matter halo.
(ii) Fig. 1 shows the surface density profile as obtained
with the 3.6 Canada-France-Hawaii telescope (CFHT) by
Coˆte´ et al. (2002). The profile shows a shallow slope η ≃
−2 out to large radii (10 arcmin correspond to about 70
pc at the distance of Pal 13), markedly different to the
much steeper slope η ≃ −4 found in most other sur-
face density profiles of globular clusters (compare, e.g.,
McLaughlin & van der Marel 2005). This large extent of
Pal 13 can be interpreted in two ways. First, the stellar
population at large radii can be part of the cluster such
that Pal 13 would be a very low concentrated cluster with
a large tidal radius of about 26 arcmin [180 pc] (Coˆte´ et al.
2002), or, second, Pal 13 can be interpreted as having a
very pronounced tidal debris and the cluster itself having a
significantly smaller tidal radius of about 3 arcmin [20 pc]
(Siegel et al. 2001). To check these oppositional proposals
for consistency with theoretical expectations, we can make
a first estimate of Pal 13’s true tidal radius, Rt, using
Rt =
(
GM
2Ω2
)1/3
, (1)
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Figure 2. Orbit of Pal 13, as determined using the proper motion
measured by Siegel et al. (2001) and the radial velocity measured
by Coˆte´ et al. (2002), referred to as orbit 1, shown in the meriodal
plane representation, where r depicts the radial distance from the
Galactic centre within the Galactic disk and z is the height above
the Galactic disk. Shown are the last 3 Gyr and 0.5 Gyr into
the future. Also shown is the resulting orbit after setting the
transverse velocity, Vt, to zero, such that the cluster has only the
(more precisely determined) radial velocity measured by Coˆte´ et
al. (orbit 2 ). The black dotted line depicts the orbit with the
transverse velocity chosen such that it minimizes Pal 13’s orbital
velocity, Vorb, referred to as orbit 3.
where G is the gravitational constant,M is Pal 13’s present-
day mass, and Ω its angular velocity on its orbit about the
Milky Way (Spitzer 1987). This yields
Rt ≃ 43.7 pc. (2)
when we assume that Pal 13 has a mass of about 3000M⊙
and is on a circular orbit with an orbital velocity of about
Vorb = 220 km/s at RGC = 25.3 kpc. In fact, Pal 13 is more
likely to be on an eccentric orbit and hence may rather have
a present-day tidal radius of about 50-100 pc when we take
into account that its true angular velocity is likely to be
lower than that of a circular orbit. Thus, the theoretically
expected range for Pal 13’s tidal radius does not agree with
either of the two observational estimates of Coˆte´ et al. and
Siegel et al.
2.1 Orbit
The hypothesis that the above peculiarities are caused by
tidal effects is supported by measurements of Siegel et al.
(2001), who, using CCD photometry and 40 years older
photographic plates, find Pal 13’s proper motion to be
µα cos δ = (2.30 ± 0.26) mas/yr and µδ = (0.27 ± 0.25)
mas/yr. In Fig. 2 the orbit of Pal 13 within the Milky Way
is shown in red solid lines for the case of combining the
proper motion of Siegel et al. with the radial velocity of
Coˆte´ et al. (2002). Note that we will refer to this orbit as
orbit 1 throughout the text. The plotted line corresponds
to the orbit integrated within an Allen & Santillan (1991)
Milky Way potential for the last 3 Gyr and 0.5 Gyr into
the future. Distance and orbital motion of the Sun where
taken from Dehnen & Binney (1998), that is, the Sun is lo-
cated at a Galactocentric distance of x = 8 kpc, the orbital
velocity of the local standard of rest (LSR) is 220 km/s in
y-direction, and the Sun moves with respect to the LSR with
Vx = 10.0 km/s, Vy = 5.3 km/s and Vz = 7.2 km/s.
As we can see from Fig. 2, corresponding to these mea-
surements, Pal 13 has a very elliptical orbit with eccentricity
ǫ =
Rapo −Rperi
Rapo +Rperi
=
82.8 − 11.1
82.8 + 11.1
= 0.76, (3)
where Rapo is its apogalactic distance and Rperi its peri-
galactic distance, respectively. Therefore, with a Galacto-
centric distance of 25.3 kpc and the proper motion as mea-
sured by Siegel et al. (2001), Pal 13 is today quite close to
its perigalacticon. Because of this, Siegel et al. (2001) and
Coˆte´ et al. (2002) suggest that the high velocity dispersion
of Pal 13 and the shallow slope of its surface density profile
at large radii may well be due to the last pericentre pas-
sage which may have heated the cluster violently and may
have caused a rapid expansion and/or an overspilling over
the tidal boundaries.
A comprehensive N-body investigation of low-mass
globular clusters on eccentric orbits however shows that peri-
centre passages at such great galactocentric distances barely
cause violent mass loss or rapid expansion (Ku¨pper et al.
2010a). Furthermore, a follow-up investigation showed that
the surface density profiles (a) cannot be used to draw con-
clusions on the (theoretical) tidal radius of a cluster, and
(b) only show shallow slopes at large radii when the cluster
is close to reaching its apogalacticon (Ku¨pper et al. 2010b).
The latter is due to the tidal tails of the cluster which get
stretched and compressed along the orbit. That is, if a clus-
ter and its tails move from apogalacticon to perigalacticon
they get accelerated and stretched, whereas from perigalac-
ticon to apogalacticon they get decelerated and compressed.
If the shallow slope in the surface density profile of
Pal 13 is indeed due to the effects described in Ku¨pper et al.
(2010a,b), then Pal 13 would need to be currently in a po-
sition close to apogalacticon. This, however, disagrees with
the position in its orbit (orbit 1 ) derived from the proper
motion measured by Siegel et al. and that puts Pal 13 close
to perigalacticon (Fig. 2). In an attempt to resolve this con-
tradiction, we will in the following define two further test
orbits which differ in proper motion from the Siegel et al.
estimate. We will then fully integrate the dynamical evolu-
tion of Pal 13 for all three orbits to compare the results with
the observed surface brightness profile, luminosity, and ra-
dial velocity dispersion (Sec. 4). The underlying assumption
for this procedure is that the proper motion measurements
are the most uncertain observed cluster properties.
We first force the cluster’s transverse velocity (proper
motion) to zero, while keeping the radial velocity. In Fig. 2
we can see that this results in an orbit which is less eccentric
(Rapo = 49.3 kpc, Rperi = 12.5 kpc, ǫ = 0.60) and in which
the cluster today is closer to apogalacticon. We will refer to
c© 2010 RAS, MNRAS 000, 1–16
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this orbit as orbit 2. In addition, we search for the proper
motion values which minimize Pal 13’s 3D orbital velocity,
Vorb, since this would yield the orbit in which Pal 13 is clos-
est to apogalacticon. In fact, by doing this we get a more
eccentric orbit as the cluster falls deeper into the Galactic
centre (Rapo = 38.5 kpc, Rperi = 3.5 kpc, ǫ = 0.83). This or-
bit will be referred to as orbit 3. It is also depicted in Fig. 2,
with the corresponding values for the proper motion being
µα cos δ = 0.72 mas/yr and µδ = −1.2 mas/yr. Note that
these values differ significantly from the values measured by
Siegel et al. (2001) by more than 1 mas/yr in each direction.
For all three orbits, the cluster is coming from perigalac-
ticon and approaching apogalacticon. But all three predict
Pal 13 to be in a different orbital phase, porb, which we here
define as
porb =
R˙GC
|R˙GC |
RGC −Rperi
Rapo −Rperi
, (4)
and which is constructed to be zero in perigalacticon and
unity in apogalacticon. This factor porb gives the fraction
of the radial distance between Rperi and Rapo at which a
cluster is currently located. In this definition R˙GC is the time
derivative of the galactocentric radius, which divided by its
magnitude adds a minus sign to the orbital phase in case
the cluster is moving from apogalacticon to perigalacticon.
For circular orbits porb is always zero.
We introduce the orbital phase, porb, here in addition
to the orbital eccentricity, ǫ, since it appears crucial for the
appearance of the observed effects (Ku¨pper et al. 2010b). A
systematic study on the dependence of the described effects
on those two parameters will follow in a future investigation.
For orbit 1 we get porb = 0.20, for orbit 2 porb = 0.35, and
for orbit 3 porb = 0.62.
2.2 Surface density profile
Ku¨pper et al. (2010b) introduce a template (KKBH) which
can be used to reliably measure the slope of a surface density
profile at large radii. The KKBH template reads as follows:
f1(R) = k
[
R/Rc
1 +R/Rc
]−γ
×
[
1√
1 + (R/Rc)
2
−
1√
1 + (Rt/Rc)
2
]2
(5)
for radii smaller than µRt, and
f2(R) = f1(µRt)
[
1 +
(
R
µRt
)64]−η/64
(6)
for R > µRt, where k is a constant, Rc gives a core radius,
γ the core slope inside Rc, and Rt a tidal radius (which
Ku¨pper et al. name edge radius to avoid confusion with the
theoretical tidal radius, since those two correlate only under
certain circumstances). For radii larger than a fraction µ of
Rt the template changes into a power-law with slope η. The
exponent 64 in f2(R) causes the template to change abruptly
into the power-law slope at µRt.
KKBH is based on the template of King (1962) but is
modified in two steps: first it allows to have a power-law
cusp in the core, and second it has an additional extra-tidal
component in the form of a power-law slope. In this way,
also more concentrated clusters can be represented for
which the original King template fails, and furthermore the
cluster profile can be fitted without being influenced by
a dominant tidal debris. This effect can be seen in Fig. 1
where we applied a regular King template fit to the CFHT
data by Coˆte´ et al. and also a fit of KKBH1. The King
template gets significantly influenced by the stellar material
at large radii and yields a tidal radius of more than 15
arcmin. The KKBH template assigns a power-law slope of
η = 1.91 ± 0.15 to the tidal debris and yields a tidal radius
of only 1.9 arcmin.
By computing N-body models for all three kinds of or-
bits given above, and fitting the KKBH template in the same
way to similarly resolved N-body data, we will try to repro-
duce this observed surface density slope η. Furthermore we
will measure the velocity dispersion and absolute magnitude
of the computed clusters in the same way as Coˆte´ et al. have
done, and compare these values with the observational ones.
3 MODELS
We computed 45 models of Pal 13 using the collisional N-
body code NBODY6 (Aarseth 2003) on the GPU computers
at AIfA Bonn. We set up 15 different cluster configurations
using the publicly available tool McLuster2 (Ku¨pper et al.,
in prep.). We used a tidally truncated Plummer profile where
we varied the cluster half-mass radius between 4, 6 and 8
pc, and the initial mass between 3000, 4000, 5000, 7500 and
10000 M⊙, respectively. The mean mass of the cluster stars
was in all cases about 0.3M⊙, thus the number of objects
in the computations were a factor of three times higher.
Each of these 15 clusters was computed for the last 3 Gyr
on each of the three different orbits (orbit 1-3 ) mentioned
in Sec. 2 (see also Fig. 2). We focus on the last 3 Gyr of
evolution since we are only interested in the nearby tidal
debris. Using equation 18 of Ku¨pper et al. (2010a) for the
mean drift velocity of stars within the tidal tails,
vC = ±(4GMΩ)
1/3, (7)
where G is the gravitational constant, M is the cluster mass
and Ω its angular velocity on its orbit about the Milky Way,
we can estimate the length of the tidal tails after 3 Gyr of
evolution if the cluster was on a circular orbit. With the
same values which we used in eq. 2 we get a drift velocity of
about 0.77 pc/Myr and thus a minimum length of the tails
of 2.3 kpc in each direction from the cluster. Note that this
estimate gets complicated through the fact that Pal 13 is
1 Ku¨pper et al. recommend using an additional constant back-
ground, b, for the KKBH fit to allow for more flexibility at large
radii, but as it turns out, this is only reasonable with highly re-
solved (e.g., N-body) data. For less well resolved observational
data with much fewer data points, it is more reasonable to reduce
the number of fit parameters to a minimum. We therefore set the
background, b, mentioned in Ku¨pper et al. (2010b) to zero, and
in addition fix the break radius parameter µ to 0.5, as was found
by Ku¨pper et al. to be the most plausible value.
2 www.astro.uni-bonn.de/~akuepper/mcluster/mcluster.html
or www.astro.uni-bonn.de/~webaiub/german/downloads.php
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Figure 3. Mock colour-magnitude diagram of one of the com-
puted clusters at the end of 3 Gyr of N-body integration, i.e.
when the stellar population is 13 Gyr old. The y-axis gives the
apparent V magnitude as would be observed from the distance of
the Sun. Random errors which grow exponentially with increasing
magnitude were applied to both apparent magnitudes, mV and
mB (see text). This particular cluster had an initial mass of 5000
M⊙ and a half-mass radius of 8 pc. The dashed box shows the
region in the colour-magnitude diagram in which we define stars
to be cluster members.
Figure 4. Colour-magnitude diagram of the Besanc¸on model
(Robin et al. 2003) covering a 1 deg2 field around the position
of Pal 13. Within the region which is occupied by Pal 13 in this
diagram (dashed box) we count about 1000 stars which will pol-
lute observations when going down to mV = 25 mag.
most likely not on a circular orbit. Through the acceleration
and deceleration on an eccentric orbit the cluster-tail system
gets periodically stretched and compressed. This estimate
is therefore only a mean value of the length of the tails.
Anyway, for investigating the vicinity of Pal 13 this timespan
seems to be sufficient.
Since we want to produce a realistic CMD of Pal 13
with the appropriate photometric observables, we use the
SSE code (Hurley, Pols & Tout 2000) in combination with
McLuster
3 to set up evolved stellar populations of 10 Gyr
age with a metallicity of [Fe/H] = −1.9. The populations
are evolved from a canonical Kroupa IMF (Kroupa 2001)
ranging from 0.08M⊙ to 100M⊙, where compact remnants
are only kept if their kick velocity which gets assigned to
them by SSE does not exceed Pal 13’s present-day escape
velocity, vesc, calculated using
vesc =
√
2GM
Rh
, (8)
where M is again the cluster mass and Rh is the cluster’s
half-mass radius, respectively. This treatment is a bit arbi-
trary since we do not dynamically model the first 10 Gyr
of the cluster’s life and the true retention fraction could be
both, higher or lower. Another simple treatment would be to
keep all compact remnants which would have a slight effect
on the observed mass-to-light ratio as the cluster would then
have more mass than can be seen in stars. But only about 80
compact remnants get expelled from a 5000M⊙ cluster like
we model here in the way described above, hence we con-
sider this to be of secondary importance and concentrate on
the case of low dark mass in the clusters.
Those evolved clusters we then feed to NBODY6 to
evolve them further, chemically and dynamically, up to a
total age of 13 Gyr. In this way we can concentrate on the
last few Gyr of dynamical evolution of the cluster, which
are most important for its present-day structure and nearby
tidal debris. Hence, we save computational time with this
technique. A similar approach has been successfully tried
by Hurley et al. (2001) for the open cluster M67.
The stellar evolution of single stars within NBODY6 is
also calculated with SSE, a consistent treatment of stellar
evolution throughout the investigation is therefore guaran-
teed. From NBODY6 we finally extract the luminosities and
stellar radii of all stars within the calculations to compute
their effective temperatures and with this their colours and
magnitudes in the Johnson-Cousins system (Bessell 1990).
We use the algorithm described in Flower (1996) to first
derive the bolometric correction, BC, and the colour index,
B−V , and with this the absolute magnitude in the V -band,
MV , and in the B-band, MB . Together with the distance
information of each star we can then derive the apparent
magnitudes, mV and mB, respectively, and can apply a re-
alistic cut-off at a magnitude limit of, e.g., mV = 25 mag as
would be achieved by an 8m-class telescope in a few minutes
of integration.
Since any observation obeys statistical and instrumental
uncertainties, we furthermore apply a Gaussian-distributed
3 Note that this version of McLuster including SSE is also avail-
able from the given web address.
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random error, dm to each apparent magnitude,mV andmB,
which increases with decreasing brightness as
dm =
√
0.022 + 0.07× 10.00.4×(m−25.0). (9)
This gives a minimum error of 0.02 mag, and an additional
uncertainty which is of the order of 0.07 mag at 25 mag
and decreases with increasing brightness. A final, synthetic
colour-magnitude diagram of one of the clusters is given in
Fig. 3.
Objects with low surface densities such as tidal debris
will be largely affected by background/foreground source
contamination. We therefore have to estimate the number
of stars which will pollute our mock observations. For this
purpose we generate an artificial stellar population using the
Besanc¸on model (Robin et al. 2003) for a 1 deg2 field around
the position of Pal 13 in the same filter set (Fig 4). Within
the CMD region occupied by the cluster model we count
about 1000 stars which can be mistaken as cluster mem-
bers, corresponding to 0.28 stars/arcmin2. That is, Pal 13
and its tidal debris will only be visible in those places where
its surface density exceeds this value. In addition to our es-
timate and for the sake of being conservative, we will also
discuss our results using the somewhat higher background
surface density of 0.69 stars/arcmin2 found observationally
by Coˆte´ et al. (2002).
4 RESULTS
From each computation we take a snapshot after 3 Gyr of
dynamical evolution as seen from the location of the Sun. At
this point the stellar population is 13 Gyr old, and should
resemble the stellar population of Pal 13 within the given
uncertainties. Stellar maps of a 4 deg2 region around one
of the clusters (M0 = 5000, R0 = 8 pc) for each of the
three orbits are shown in the left panels of Fig. 5-7. In these
figures each dot represents a star above mV = 25 mag. A
background of 0.28 stars/arcmin2 was added with random
positions. By comparing the figures we see that the orbit
with the Siegel et al. proper motion (orbit 1, Fig. 5) and
the one with zero proper motion (orbit 2, Fig. 6) produce
similar results, whereas the orbit with the minimal orbital
velocity (orbit 3, Fig. 7) produces a cluster which appears
largely extended.
4.1 Absolute magnitude
From these snapshots we measure the integrated absolute
magnitude, MV , of each cluster representation within a ra-
dius of 26 arcmin around its centre, just as Coˆte´ et al. (2002)
have done for their observational data. The results are listed
in Tab. 1-3 for the three orbital types. We see that the clus-
ters starting off with smaller initial masses, independent
of the orbit, have lost too much mass within the 3 Gyr
of evolution, such that today their absolute magnitude is
too low compared to the observational value of MV = −3.8
mag. Clusters with M0 > 5000M⊙ lose just about the right
amount of mass within this time. From the tables we can ex-
pect clusters with initial masses even higher than 10000M⊙
to exceed the observed absolute magnitude. This suggests
that our range of initial parameters covers the right part of
the parameter space of initial conditions.
Table 1. Results for the N-body computations with the orbit
using the transverse velocity measured by Siegel et al. (2001), i.e.
orbit 1. M0 gives the initial mass of the cluster at the beginning
of the computations, and R0 its initial half-mass radius. MV is
the measured absolute magnitude within the inner 26 arcmin at
an age of 13 Gyr, i.e. today. Coˆte´ et al. (2002) find a value of
MV = −3.8 mag for Pal 13. σr gives the velocity dispersion
within the inner 2 arcmin measured from a sample of 21 stars.
The value gives the mean of 106 independent measurements (see
Sec. 4.2 for details), the uncertainties give the limits in which 67%
of all measurements lie. Coˆte´ et al. (2002) find σr = 2.2± 0.4 for
Pal 13. η is the slope of the surface density profile at large radii
measured with the KKBH template. The uncertainties give the
standard error from a least square fit. For Pal 13 we measure a
slope of about 1.9 based on the observational data by Cote et al.
(2002).
M0 R0 MV (R < 26
′) σr (R < 2′) η
[M⊙] [pc] [mag] [km/s]
3000 4.0 -2.7 0.53+0.09
−0.09 3.86±0.58
3000 6.0 -2.6 0.54+0.09
−0.09 3.55±0.34
3000 8.0 -2.1 0.46+0.07
−0.07 4.34±0.76
4000 4.0 -3.0 0.63+0.11
−0.11 3.33±0.20
4000 6.0 -3.2 0.63+0.11
−0.10 3.77±0.12
4000 8.0 -2.6 0.53+0.08
−0.08 4.15±0.16
5000 4.0 -4.0 0.69+0.12
−0.11 3.58±0.14
5000 6.0 -3.1 0.71+0.12
−0.11 3.82±0.15
5000 8.0 -4.0 0.58+0.09
−0.09 3.86±0.14
7500 4.0 -3.9 0.92+0.16
−0.16 3.36±0.07
7500 6.0 -4.2 0.84+0.14
−0.13 4.00±0.16
7500 8.0 -3.5 0.73+0.12
−0.11 4.08±0.07
10000 4.0 -3.7 1.11+0.20
−0.19 3.86±0.24
10000 6.0 -4.2 0.96+0.16
−0.15 4.40±0.21
10000 8.0 -3.6 0.83+0.13
−0.13 4.24±0.15
Moreover, comparing the same clusters but on the dif-
ferent orbits, we find that the clusters evolve quite simi-
larly internally and that their absolute magnitudes are only
marginally influenced by the orbital type. In fact, at the be-
ginning of the computations the clusters of a given mass and
size are exactly the same clusters just on different orbits. In
this way we make sure that differences come from dynami-
cal evolution and not from stellar evolution. After 3 Gyr the
masses between the clusters of a given initial mass and size
differ by only 50 − 100M⊙. From this we can deduce that
the influence of the pericentre passages on all three orbits
are rather unimportant. Otherwise, the more eccentric orbits
(orbit 3 and orbit 1 ) would have induced more dissolution
on those clusters, and altered the final absolute magnitudes
more significantly.
4.2 Velocity dispersion
From the computations we also take radial velocity disper-
sion measurements in the same way as Coˆte´ et al. (2002)
have done. That is, we draw 21 stars from the sample of
stars within the inner 2 arcmin of the clusters, while mak-
ing sure that all 21 stars lie within 10 km/s of each other. A
star with a radial velocity differing more than 10 km/s from
the other stars which have been drawn from the population
would therefore be regarded as a non-cluster member, even
though this does not necessarily hold true in our computa-
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Figure 5. Left: stellar map of a 4 deg2 field around Pal 13, computed using the orbit with the transverse velocity measured by
Siegel et al. (2001), i.e. orbit 1. Each dot represents a star above mV = 25 mag. A background of 0.28 stars/arcmin
2 was added with
random positions. Right: underlying surface density map of Pal 13 for the same field. One bin corresponds to 9 arcmin2. The colour
coding shows log10(N + 1), where N is the number of Pal 13 stars in a bin. The expected background of 0.28 [0.69] stars/arcmin
2
corresponds to a value of 0.5 [0.9] in this representation. At the distance of Pal 13, 1 deg corresponds to roughly 420 pc. The cluster is
well limited and the density falls off steeply, only small traces of tidal tails can be seen.
Figure 6. Left: stellar map of a 4 deg2 field around Pal 13, computed using the orbit with zero transverse velocity (orbit 2 ). Each
dot represents a star above mV = 25 mag. A background of 0.28 stars/arcmin
2 was added with random positions. Right: underlying
surface density map of Pal 13 for the same field. One bin corresponds to 9 arcmin2. The colour coding shows log10(N + 1), where N
is the number of Pal 13 stars in a bin. The expected background of 0.28 [0.69] stars/arcmin2 corresponds to a value of 0.5 [0.9] in this
representation. At the distance of Pal 13, 1 deg corresponds to roughly 420 pc. The cluster is also well limited, just as in Fig. 5. Only the
tidal tails are a bit more pronounced since the cluster moves at a lower velocity and hence the stellar density within the tails is higher.
tions. The velocity dispersion is then computed in the same
fashion as has been done in Ku¨pper & Kroupa (2010). We
independently draw 106 sets of 21 stars from each cluster
and compute for each set the dispersion of the stellar veloc-
ities. From these values we take the mean, which is given in
Tab. 1-3. The uncertainties of these values give the bounds
in which lie 67% (1σ) of all measurements above and below
the mean.
From Tab.1 we can see that the clusters on the Siegel
orbit (orbit 1 ) yield too low velocity dispersions in compar-
ison to the observational value of σr = 2.2± 0.4 km/s. The
orbit with zero proper motion yields similar results (orbit 2,
Tab. 2). In both sets of computations we achieve the highest
velocity dispersions of 1.1 ± 0.2 km/s in the most massive
and most compact cluster of 10000M⊙ and R0 = 4.0 pc.
This is expected when we assume that the clusters are in
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Figure 7. Left: stellar map of a 4 deg2 field around Pal 13, computed using the orbit with the transverse velocity minimizing Pal 13’s
orbital velocity (orbit 3 ). Each dot represents a star above mV = 25 mag. A background of 0.28 stars/arcmin
2 was added with random
positions. Right: underlying surface density map of Pal 13 for the same field. One bin corresponds to 9 arcmin2. The colour coding
shows log10(N + 1), where N is the number of Pal 13 stars in a bin. The expected background of 0.28 [0.69] stars/arcmin
2 corresponds
to a value of 0.5 [0.9] in this representation. At the distance of Pal 13, 1 deg corresponds to roughly 420 pc. The cluster is embedded
in a far-extending cloud of stars, which originates from the compressed tidal tails getting pushed back into the cluster vicinity as the
cluster-tail system is being decelerated on its way to apogalacticon.
Table 2. The same as Tab. 1 but for the orbit with zero trans-
verse velocity (orbit 2 ).
M0 R0 MV (R < 26
′) σr (R < 2′) η
[M⊙] [pc] [mag] [km/s]
3000 4.0 -2.7 0.52+0.09
−0.09 3.10±0.41
3000 6.0 -2.5 0.52+0.09
−0.09 4.04±0.13
3000 8.0 -2.1 0.44+0.07
−0.07 3.47±0.28
4000 4.0 -3.0 0.64+0.11
−0.11 3.35±0.23
4000 6.0 -3.1 0.63+0.11
−0.11 3.98±0.12
4000 8.0 -2.6 0.51+0.08
−0.08 4.07±0.40
5000 4.0 -4.1 0.72+0.12
−0.12 3.47±0.07
5000 6.0 -3.1 0.69+0.11
−0.11 3.59±0.33
5000 8.0 -4.0 0.56+0.09
−0.09 4.05±0.28
7500 4.0 -3.9 0.92+0.16
−0.16 3.53±0.14
7500 6.0 -4.2 0.83+0.13
−0.13 4.20±0.29
7500 8.0 -3.5 0.71+0.11
−0.11 4.48±0.24
10000 4.0 -3.7 1.08+0.19
−0.19 3.82±0.29
10000 6.0 -4.2 0.96+0.15
−0.15 4.05±0.22
10000 8.0 -3.6 0.82+0.12
−0.13 4.47±0.22
virial equilibrium. Note that the observed velocity disper-
sion is more than 5σ off. This fact led Coˆte´ et al. to the
assumption that Pal 13 may contain dark matter or got
catastrophically heated by the last pericentre passage.
But for the third kind of orbit, when the cluster is on
an orbit with a lower orbital velocity such that it is nowa-
days closer to apogalacticon (orbit 3 ), the measured veloc-
ity dispersion is significantly higher (Tab. 3). We get val-
ues of about 2.2 km/s within 1σ for many clusters in the
set. This is due to the number of unbound stars within
the cluster, so-called potential escapers, and stars outside
the tidal radius lying in projection within the inner 2 ar-
Table 3. The same as Tab. 1 but for the orbit with the transverse
velocity minimizing Pal 13’s orbital velocity (orbit 3 ). Velocity
dispersion values which agree within 1σ with the observed veloc-
ity dispersion of 2.2± 0.4 are bold faced.
M0 R0 MV (R < 26
′) σr (R < 2′) η
[M⊙] [pc] [mag] [km/s]
3000 4.0 -2.7 0.92+1.13
−0.48 1.90±0.07
3000 6.0 -2.6 1.21+0.96
−0.75 1.71±0.14
3000 8.0 -2.1 1.69+0.93
−1.24 1.48±0.07
4000 4.0 -3.0 0.73+1.06
−0.20 2.13±0.09
4000 6.0 -3.2 0.99+1.14
−0.47 1.68±0.10
4000 8.0 -2.6 1.15+1.10
−0.76 1.51±0.09
5000 4.0 -4.1 0.75+0.17
−0.17 1.90±0.10
5000 6.0 -3.1 0.80+0.39
−0.20 1.51±0.10
5000 8.0 -4.0 1.11+1.14
−0.63 1.62±0.10
7500 4.0 -3.9 0.94+0.16
−0.17 2.02±0.15
7500 6.0 -4.2 0.90+0.18
−0.19 2.16±0.20
7500 8.0 -3.5 0.89+1.06
−0.28 1.59±0.21
10000 4.0 -3.7 1.16+0.20
−0.20 2.52±0.11
10000 6.0 -4.2 0.96+0.16
−0.17 2.66±0.30
10000 8.0 -3.6 0.87+0.56
−0.19 1.96±0.31
cmin of the cluster, which pollute the velocity dispersion
(Ku¨pper et al. 2010b). This effect is more significant for the
clusters which are initially more extended as they show more
potential escapers. This is a consequence of them being en-
ergetically more affected by the pericentre passages (see e.g.
Gnedin, Lee & Ostriker 1999).
The clusters on orbit 3 indeed show much more extra-
tidal material. Looking at the right panels of Fig. 5-7 we see
that there is barely any stellar material outside the cluster
for orbit 1 (Fig. 5), and only little more for orbit 2 (Fig. 6).
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In contrast to this, orbit 3 shows a cluster with an unusual
extra-tidal extent of several hundred parsec (Fig. 7). This
extra-tidal material results from the compression of the tidal
tails as the cluster and its tails are being decelerated. This
deceleration is so strong that the whole system consisting of
cluster, leading tail, and trailing tail, is compressed to a few
hundred pc. In fact, the system extends even further than
can be seen in the figure and would extend much further
if the N-body computations would have been made for the
full 13 Gyr since the tidal tails need many Gyr to grow to
such extent. Note also, that the shape of this system is quite
irregular since we look at a folded stellar stream and not at
a bound structure in equilibrium.
Note that while our choice of the initial density profile
may well affect the measured velocity dispersion, e.g. in case
of a higher concentrated King model, it will not affect the
appearance of the tidal debris. That is, the choice of profile
may influence the internal structure of the cluster and also
its mass loss rate but not its tidal debris since the debris is
formed by orbital compression and not by the mass loss rate
(Ku¨pper et al. 2010b).
4.3 Surface density profiles
This effect of compression of the tidal debris can also be seen
as an increase of density within the surface density profiles
of the modelled clusters, see Figs. 8-10. The figures show
the projected stellar number density of the snapshots for all
clusters except for the most massive ones, measured in rings
around the cluster centres, just as Coˆte´ et al. (2002) have
done it with their CFHT data (compare with Fig. 1). For
better comparison with the CFHT data, we subtract the
same background of 0.69 stars/arcmin2 from our data in-
stead of our lower estimate of 0.28 stars/arcmin2 since this
background estimate is important for the outermost data
points and therefore may influence the fit of the KKBH
template. Error bars in the figures give the square-root of
these resulting values as statistical uncertainties. Differences
in the numbers of stars at small radii within this diagram
mainly originate from the fact that Cote et al. go down to
mV = 23.5 mag with their CFHT data whereas we cut at
mV = 25 mag (assuming that Pal13 is observed with an 8m
class telescope). We fit a KKBH template to these surface
density profiles in order to measure the slope of the extra-
tidal material. The results of these fits are displayed in the
figures (η, i.e., eta) as well as in Tab. 1-3.
The Siegel orbit (orbit 1 ) yields well limited clusters
with steep slopes outside the tidal radius between η = 3.3
and η = 4.4 (Fig. 8), just as expected from clusters near
perigalacticon (Ku¨pper et al. 2010b). Furthermore, there is
no clear trend in the slopes with respect to the initial con-
ditions. The differences are just the statistical fluctuations
which Ku¨pper et al. also found in their N-body data. The
same holds true for orbit 2 (Fig. 9). Just the scatter is a bit
larger from η = 3.1 to η = 4.5 but, again, without any clear
trend. If the slope at large radii was a consequence of the
last pericentre passage, then we would expect a correlation
of this slope with the initial half-mass radius, R0, of the clus-
ter, since a more extended cluster should be more affected
by tidal shocking and therefore produce a more pronounced
tidal debris.
In contrast to that, orbit 3 results in quite different
Figure 12. Comparison of proper motion measurement from our
computations and from the work of Siegel et al. (2001). The data
points of orbit 1 - 3 show the proper motions of all stars within
the inner 6 arcmin of the clusters. As expected, the data points of
orbit 1 all match precisely with the orbit determined by Siegel et
al., while the data points of orbit 2 all lie concentrated within the
origin at zero proper motion. The stars of the cluster on orbit 3
show a significant intrinsic spread, though, which is due to stars
belonging to the cluster’s tidal debris and which therefore do not
tightly follow the bulk cluster motion. The data from Siegel et
al. is shown with and without colour correction to illustrate the
large spread and uncertainties of the raw data. Also shown is the
resulting proper motion found by this group.
surface density profiles (Fig. 10). We get a shallow slope at
large radii for all clusters with values as low as η = 1.5,
and for the steepest not more than η = 2.7. That is, the
clusters near apogalacticon differ significantly from the clus-
ters which are closer to perigalacticon. Such a behaviour
of the surface density profile has been found in observa-
tions of other globular clusters as well. For instance, Palo-
mar 5, which is known to be close to its apogalacticon,
shows an η of 1.5 (Odenkirchen et al. 2003). Chun et al.
(2010) find 5 Milky Way globular clusters to show shal-
low values of η at large radii, that is 2.44 for NGC 5466,
1.59 for M 15, 1.58 for M 53, 1.41 for M 30, and 0.62 for
NGC 5053. Moreover, AM 4 and Whiting 1 both show an
η of 1.8 (Carraro, Zinn & Moni Bidin 2007; Carraro 2009).
Olszewski et al. (2009) furthermore find the Galactic glob-
ular cluster NGC 1851 to be surrounded by a 500 pc halo
of stars. Its surface density profile shows a slope of η =
1.24 ± 0.66. Our investigation suggests that those clusters
are all affected by this orbital effect.
From Fig. 10 we furthermore find that fitting a King
(1962) template to these clusters with the shallow slopes
at large radii sometimes yields very different results for the
tidal radius in comparison to the KKBH template (e.g. for
M0 = 3000M⊙ and R0 = 8 pc we get R
KKBH
t = 1.5 ar-
cmin and RKingt = 15.3 arcmin). This we have observed as
well in the original data (Fig. 1) and thus would be an ex-
planation for the large uncertainties in Pal 13’s tidal radius
(Siegel et al. 2001; Coˆte´ et al. 2002).
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Figure 8. Surface density profiles of the N-body computations with the transverse velocity measured by Siegel et al. (2001), i.e. orbit 1,
for all clusters between 3000M⊙ and 7500M⊙. Uncertainties show the square-root of the number of stars in one bin after subtracting
a background of 0.69 stars/arcmin2 like Coˆte´ et al. (2002) have done (compare with Fig. 1). The slopes at large radii as measured with
the KKBH template are given in the panels (η, i.e., eta). Also given in the panels are the tidal radii as fitted by the King and the KKBH
template. All slopes at large radii are quite steep, just as would be expected for a cluster near perigalacticon (Ku¨pper et al. 2010b).
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Figure 9. Surface density profiles of the N-body computations with zero transverse velocity (orbit 2 for all clusters between 3000M⊙
and 7500M⊙. Uncertainties show the square-root of the number of stars in one bin after subtracting a background of 0.69 stars/arcmin2
like Coˆte´ et al. (2002) have done (compare with Fig. 1). The slopes at large radii as measured with the KKBH template are given in the
panels (η, i.e., eta). Also given in the panels are the tidal radii as fitted by the King and the KKBH template. All slopes at large radii
are quite steep, just as would be expected for a cluster near perigalacticon (Ku¨pper et al. 2010b).
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Figure 10. Surface density profiles of the N-body computations with the transverse velocity minimizing Pal 13’s orbital velocity (orbit 3 )
for all clusters between 3000M⊙ and 7500M⊙. Uncertainties show the square-root of the number of stars in one bin after subtracting
a background of 0.69 stars/arcmin2 like Coˆte´ et al. (2002) have done (compare with Fig. 1). The slopes at large radii as measured with
the KKBH template are given in the panels (η, i.e., eta). Also given in the panels are the tidal radii as fitted by the King and the KKBH
template. In contrast to the other two orbits, this orbit yields surface density profiles with shallow slopes at large radii. This comes from
the deceleration of the cluster-tail system on its way to apogalacticon and the compression it causes.
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Figure 11. Upper left panel: overview of the computation results showing the η (eta) values measured within the surface density profiles,
and the measured radial velocity dispersions, σr , of all models in comparison to values observed by Coˆte´ et al. (2002). Each model is
an independent N-body realisation of Pal 13 evaluated at an age of 13 Gyr (see Sec. 3). Other panels: expected velocity dispersions
after correcting the measurements for 20% (upper right), 40% (lower left) and 60% (lower right) binaries. Adding about 20-40% binaries
improves the match between the results of orbit 3 and the observations, whereas orbit 1 and orbit 2 necessitate >40% binaries in order
to agree well with the observed velocity dispersion.
5 DISCUSSION
Judging by the different measurements we have performed
on our artificial clusters (upper left panel of Fig. 11) we see
that the cluster starting off with M0 = 5000M⊙ and R0 = 8
pc on the orbit with the minimal orbital velocity agrees best
with the observational values found by Coˆte´ et al. (2002).
The match is not perfect, though, and we do not conclude
from our findings that Pal 13 has to be on this specific orbit
with these specific values for mass and radius used here. We
rather demonstrate that most evidence points to Pal 13 be-
ing in an orbital phase near apogalacticon (in disagreement
to the proper motion estimates by Siegel et al. 2001). As-
suming this solves the existing problems of Pal 13 without
further need for dark matter, binaries or changes in the law
of gravity.
Nevertheless, although our results reproduce the obser-
vations of Pal 13 without further ado, we have to check how
the computational results change when adding binaries to
the clusters. That is, Pal 13 most likely has a significant bi-
nary population, which we have not modelled in our N-body
calculations, but which should inflate the velocity dispersion
further. In fact, Blecha et al. (2004) measure significantly
different radial velocities for some of the Coˆte´ et al. sources
with independent FLAMES data. This might well be due
to binary motion or, alternatively, to a different quality of
the instruments used. From 7 stars which are available in
both studies 2–3 show significant variations, hinting at a
high binary fraction. Thus, Blecha et al. get velocity disper-
sion values between 0.6 km/s and 0.9 km/s from samples of
5–8 stars.
Ku¨pper & Kroupa (2010) show that for the outer halo
MW globular cluster Palomar 14 the mean velocity disper-
sion measured from samples of 17 stars increases from about
0.5 km/s in the case of Pal 14 being without binaries up to
almost 4 km/s in the case of it having 100% binaries. Thus,
adding [20, 40, 60]% binaries to the cluster (i.e. out of 100
systems in the cluster [20, 40, 60] are binaries) increases the
velocity dispersion by about [1.0, 1.5, 2.0] km/s when mea-
sured in this way. Since both, Pal 14 and Pal 13, are quite
comparable in their expected virial-equilibrium velocity dis-
persion, the effect of their binary content on observations
should be comparable, too. In Fig. 11 we therefore addition-
ally show the results from our investigation corrected for a
binary fraction of 20%, 40% and 60%. The corrections, dσ,
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of 1.0, 1.5 and 2.0 km/s, respectively, were added to the
measured velocity dispersions quadratically, i.e.,
σcorr =
√
σ2r + dσ2. (10)
As can be seen in the figure, a binary fraction of 20-40% im-
proves the match of our models on orbit 3 with the observed
velocity dispersion, which is a reasonable binary fraction for
a globular cluster (Hut et al. 1992), whereas the models on
orbit 1 and orbit 2 would prefer values of >40% in order to
agree with the observational value of the velocity dispersion.
This would have no effect on the discrepant slope of the sur-
face density profile at large radii of the models on orbit 1 &
2, though.
But why do our proper motion values of orbit 3 differ
so significantly from the Siegel et al. values? First of all, as
stated above, we do not argue that Pal 13 has to be on this
specific orbit but is most likely close to its apogalacticon. A
family of proper motion values around the values we chose
may reproduce the observations equally well, since we only
chose those values in order to minimize Pal 13’s orbital veloc-
ity within the MW such that the orbital compression effect
is maximal. Moreover, the observational values of Siegel et
al. may also be influenced by the orbital compression effect
just as the other measurements. Consequently, their uncer-
tainties may be largely underestimated.
In Fig. 12 we show the original raw data from
Siegel et al. (2001) which was obtained from photographic
plates separated by a 40 year baseline. After determining
the zero point of each photographic plate with 140 potential
cluster stars lying within the inner 6 arcmin of the clus-
ter, they identified background galaxies which were then
used to determine the cluster’s proper motion. The spread
and uncertainties of those 16 background galaxies are large.
Siegel et al. find that this is due to a colour dependence
of their proper motion, which is why they apply an ad-hoc
colour correction to their sample and disregard 2 galaxies for
which no colour information was available. From this cor-
rected sample they derive the resulting proper motion and
the relatively small uncertainties, which are also depicted in
Fig. 12.
In the same figure we also show the proper motion as
artificially measured for all stars within the inner 6 arcmin of
the three clusters with M0 = 5000M⊙ and R0 = 8 pc. The
stars from the cluster on orbit 1 lie exactly on the proper
motion values of Siegel et al. (as expected since we used these
values as input). Accordingly, the stars from the model on
orbit 2 lie concentrated at zero proper motion. Only the
stars of the cluster on orbit 3 show a significant intrinsic
scatter of more than 0.5 mas pc−1 about the central proper
motion values of the cluster. This is due to extra-tidal stars
which are on slightly different orbits than the cluster. Even
though this scatter does not suffice to explain the discrep-
ancy it may introduce an additional systematic uncertainty.
Given that Siegel et al. have not accounted for such a possi-
ble intrisic scatter, and given the nevertheless large scatter
in their determined stellar proper motions (see their Fig. 5),
we argue that in the curious case of Pal 13, the statistical
and systematic uncertainties in the proper motion determi-
nation may indeed be (several times) larger than the formal
error derived by Siegel et al.
A possible alternative would be that the Galactic po-
tential which was used in our investigation does not prop-
erly reflect the true potential of the Milky Way. In or-
der to keep the proper motion determined by Siegel et al.
(2001) and move Pal 13 closer to its apogalacticon we would
have to modify the Galactic potential such that it is sig-
nificantly stronger at the distance of Pal 13, as this would
mean that the cluster gets decelerated more strongly and
cannot get to large Galactocentric distances. But the most
recent measurements of the Milky-Way potential agree well
with our choice of potential, finding circular velocities of
about 220 km/s at the distance of the Sun (e.g. Ghez et al.
2008), and a possible flattening of the potential of about
0.87 (Koposov, Rix & Hogg 2010). Such a flattening would
imply the opposite of what would be necessary for bringing
Pal 13 closer to its apogalacticon, since the Galactic force
would be less strong at a given distance from the Galactic
plane compared to the unflattened case.
6 SUMMARY AND CONCLUSIONS
We performed a set of 3 × 15 N-body computations
of the low-mass Milky-Way globular cluster Palomar 13
which shows some peculiarities in observations. First of all,
Coˆte´ et al. (2002) measured a velocity dispersion of 2.2±0.4
km/s, which yields a very high mass-to-light ratio of about
40 due to the cluster’s low integrated absolute magnitude
of only MV = −3.8 mag. Secondly, Pal 13 shows a shal-
low slope at large radii within its surface density profile of
η = 1.9, making a determination of its tidal radius diffi-
cult (Siegel et al. 2001; Coˆte´ et al. 2002). It has been sug-
gested in both publications that these effects might be due to
Pal 13’s last pericentre passage on its eccentric orbit about
the Galactic centre. In contrast, Ku¨pper et al. (2010b) find
by means of N-body computations that pericentre passages
barely influence the appearance of a cluster’s surface density
profile. Instead, they find a flattening of the surface density
profile only for clusters on eccentric orbits which are about
to reach their apogalacticon, resulting from the compression
of the tidal debris as it gets decelerated in its orbit.
We therefore use three different orbits to explicitly test
these two hypotheses for Pal 13 (Fig. 2). First, we use the ra-
dial velocity measured by Coˆte´ et al. (2002) in combination
with the proper motion measured by Siegel et al. (2001).
This yields an orbit in which Pal 13 today is close to its peri-
galacticon (orbit 1 ). Secondly, we use only the measured ra-
dial velocity but set the proper motion to zero. This yields a
similar orbit which is less eccentric and in which Pal 13 is to-
day closer to apogalacticon but still not close enough for the
effect of tidal debris compression described in Ku¨pper et al.
(2010b), and which causes the surface density profile at large
radii to become shallow, to take place (orbit 2 ). Finally, we
use the orbit with the proper motion which minimizes the
orbital velocity of Pal 13, since this yields the orbit in which
Pal 13 is today closest to apogalacticon (orbit 3 ).
As it turns out, the model clusters on orbit 3 can readily
reproduce Pal 13’s peculiarities both in terms of surface den-
sity profile and velocity dispersion (and thus mass-to-light
ratio), whereas the two other orbits cannot (Fig. 11). While
the first two orbits yield clusters with regular equilibrium ve-
locity dispersion, the last orbit yields an enhanced velocity
dispersions and a much larger spread in velocity dispersion
values when measured from a subset of 21 stars. This is due
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to unbound stars within the cluster (potential escapers), and
extra-tidal stars which get pushed back into the vicinity of
the cluster when the cluster-tail system gets decelerated on
its way to apogalacticon (Ku¨pper et al. 2010a,b).
With this investigation we would like to stress the im-
portance of the orbital phase of a cluster on its appear-
ance. Particularly interesting is the orbital phase just before
reaching apogalacticon, where the cluster and its tails get
decelerated and thus compressed such that the stellar den-
sity, especially in the region around the cluster’s tidal radius,
gets enhanced with unbound stars. These stars can alter the
slope of the surface density profile at large radii, and increase
the measured velocity dispersion significantly.
Since any cluster (or satellite in general) on an eccentric
orbit about a galaxy spends most of its lifetime close to
apogalacticon, it is likely to be observed in such a phase.
It is therefore expected that a good fraction of all satellites
are affected by this effect of orbital compression of their
tidal debris. Observations not taking this effect into account
may therefore assume too large tidal radii and/or ascribe a
pronounced tidal debris to tidal shocking which in reality is
only due to the deceleration of the satellite-tail system. And
in some cases it may even lead to drastic overestimates of
the dynamical mass, as is demonstrated here for Pal 13.
Moreover, orbital compression of a satellite’s tidal de-
bris can produce stellar systems, not only star clusters but
also dwarf galaxies, which may appear largely extended, ir-
regular in shape and dynamically hot, and thus may be
misinterpreted, for instance, as bound systems embedded
in dark matter haloes. Whether this effect can explain, for
instance, the high mass-to-light ratios of dwarf galaxies such
as Segue 1, which is currently known as the darkest ultra-
faint dwarf galaxy (Geha et al. 2009), has to be checked in a
future investigation focussing on typical dwarf galaxy orbits
and morphologies. Since dwarf galaxies are in general more
diluted than globular clusters we expect that the effect is
more pronounced in those cases. Available work in this di-
rection by Kroupa (1997) and Klessen & Kroupa (1998) in-
deed suggests similar issues are relevant for dwarf spheroidal
galaxies (see also Kroupa et al. 2010). Segue 1, in fact, has
recently been found in SDSS data to show a prominent tidal
debris and therefore was re-classified as a dissolving star
cluster (Niederste-Ostholt et al. 2009). Its enhanced M/L
ratio was interpreted as contaminated by stars from the
Sagittarius stream but may well be due to the orbital com-
pression effect described here.
Finally, this investigation poses the question how reli-
able proper motion measurement for halo satellites are (es-
pecially if they suffer from the orbital compression effect
described in this work), or if we understand the potential of
the Milky Way correctly, i.e. is the Allen & Santillan (1991)
potential which we used in this investigation a sufficient ap-
proximation? If the observed peculiarities in Pal 13 are in-
deed due to the orbital phase of the cluster, then either the
proper motion measurement or the Galactic potential will
be in question.
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